7. Stern, A., Mick, E., Tirosh, I., Sagy, P., and Sorek, R. (2012 vertebrates known at the time -a group of armored jawless fishes called ostracoderms -had evolved from extinct marine chelicerates, the eurypterids, which were encased in an equally impressive exoskeleton ( Figure 1A ). To support his view, Patten pointed out that the modern horseshoe crabs and arachnids, the closest living relatives of eurypterids, showed evidence of an internal skeleton [2] . The central nervous system of horseshoe crabs is indeed supported by a cartilaginous piece, the endosternite, and other cartilage pieces underlay the animal's gills. To Patten, these structures were clear precursors to the vertebrate skull and branchial arches. Patten's views never gained broader acceptance and are clearly inconsistent with modern animal phylogeny that puts chelicerates and vertebrates into entirely different lineages ( Figure 1B) . Also, the fossil record suggests that most phyla evolved skeletons in a rapid and parallel fashion during the Cambrian explosion, fuelled by an arms race between the first elaborate predators and their prey. The oldest known animal skeletons already bear marks of attacks [3] .
This debate has now taken an interesting turn with new genetic data indicating that some degree of tissue stiffening was in place in the last common ancestor of vertebrates, arthropods and molluscs ( Figure 1B) , and that such a stiffened precursor structure possibly gave rise to the vertebrate and chelicerate endoskeleton initially compared by Patten. Tarazona and co-authors [1] focus on cartilage, the evolutionary precursor to vertebrate bones. Cartilage is a stiff, non-mineralized endoskeletal tissue resistant to compression, tension and shearing, composed of cells suspended in a hydrated extracellular matrix rich in collagen and glycosaminoglycans [4] . While bones are only found in vertebrates, cartilage is found in the gill slits and oral cirri of amphioxus, and in the gill slits of hemichordates, and thus may be ancestral for deuterostomes ( Figure 2B ). In contrast, cartilage is only found in a few isolated groups of protostomes: chelicerates (as mentioned above), cephalopods ( Figure 1B ), sessile polychaetes (in their feeding tentacles) and brachiopods (in a feeding structure called the lophophore). This scattered distribution seemed to suggest that cartilage evolved independently in each of these groups and was not present in their last common ancestor. Remarkably, however, it was also found that all of these protostome cartilages stain positive for fibrillar collagen, glycosaminoglycans and proteoglycans [5] , indicating extensive biochemical similarity to their deuterostome counterparts.
One efficient way to challenge the evolutionary affinities between tissues and cell types is the comparison of molecular fingerprints [6] . Tarazona et al. [1] carried out the first characterization of genes specifically expressed in two protostome cartilaginous structures: the endosternite of a horseshoe crab and the funnel cartilage of a cuttlefish ( Figure 1C) . Their study confirmed the presence of fibrillar collagen and glycosaminoglycans and newly detected hyaluronan, thus documenting all the components of the vertebrate cartilage proteoglycan complex ( Figure 1C ). Beyond that, the authors report expression of the cartilage-specific transcription factors soxE and soxD and of fibrillar collagen type II, encoded by the colA gene. This is remarkable since expression of these genes had been taken as evidence for homology of cartilage across deuterostomes [7] [8] [9] [10] . Moreover, in both species, as in vertebrates, cartilage formation is activated by Hedgehog and inhibited by Wnt signaling.
To understand the significance of these findings, we need to consider the molecular mechanisms of chondrocyte specification. In vertebrates, SoxD and SoxE homologs functionally cooperate to directly activate the transcription of col2a1 and aggrecan [11] . SoxD and SoxE form homodimers that cooperatively activate chondrogenic genes, thus representing 'core regulatory complexes' that determine and maintain cell type identity [12] . In line with this, the forced co-expression of SoxD and SoxE genes in mesenchymal cells is sufficient to induce chondrogenic differentiation [13] . The observed co-expression of soxD, soxE and colA in protostome phyla thus indicates that a cell type co-specified by SoxD and SoxE dimers, which activated the colA gene, existed in the last common But what was the exact nature of these cells? Comparative evidence indicates that they might not have been bona fide chondrocytes, but instead some kind of evolutionary precursor with a stiffened collagenous -but not cartilaginous -extracellular matrix. Notably, in vertebrates, SoxD and SoxE activate colA not only in chondrogenic but also in collagenous, non-chondrogenic cells and tissue, such as neural crest cells [14] and the notochord [15] ; the latter is also found in amphioxus [10] . Finally, soxD, soxE and colA expression was recently observed in the annelid axochord [16] , a ventromedian muscle and presumed homolog of the chordate notochord, which secretes fibrillar collagen but, likewise, does not represent bona fide cartilage. This suggests that, ancestrally, soxD-, soxE-and colA-expressing cells secreted type II collagen into their extracellular matrix, which caused some stiffening. Such cells might have been predisposed to later evolve into real chondrocytes, by producing more and more of the collagenous matrix. Given the scattered occurrence of real cartilage on the animal tree ( Figure 1B) , this latter step might have occurred several times independently. If so, this would exemplify an often neglected type of independent evolution called 'parallel evolution', in which the same ancestral structure undergoes a similar sequence of modifications in separate lines of descent [17] . Parallel evolution differs from convergent evolution, in which unrelated (non-homologous) structures converge towards a similar phenotype.
If soxD-, soxE-and colA-expressing collagenous tissue indeed existed in the last common ancestor of protostomes and deuterostomes, where was it located and what was its function? Interestingly, both the vertebrate sclerotome, which gives rise to the backbone [18] , and the chelicerate endosternite [19] have been proposed to stem from one and the same structure, the ventral mesentery (Figure 2) . In stem chelicerates, this structure expanded and stiffened by enhanced matrix secretion, becoming the endosternite -a simple cartilaginous plate in most species, but occasionally expanded further, for example to encase the entire central nervous system and the midgut in scorpions, thus mirroring, tellingly, the shape of a vertebra (Figure 2 ). This suggests that one ancestral site of soxD-, soxE-and colA-expressing collagenous cells was the ventral mesentery, which played a role in axial stabilization, together with the ventrally adjacent axochord. These structures most likely facilitated body movements.
The study by Tarazona et al. [1] represents the latest addition to an important research program in evodevo, which has documented extensive molecular similarities in the development of distantly related phyla -starting with the discovery of the conservation of anterior-posterior patterning by hox genes more than 25 years ago. Careful The ancestral soxD+ soxE+ colA+ ventral mesentery is assumed to have given rise to both the chordate sclerotome and the chelicerate endosternite. A non-cartilaginous 'Dohrn's septum' is still found in today's pycnogonids, the sister group of all other chelicerates. Unlike real cartilage, a ventral mesentery was likely present in the last common protostome/deuterostome ancestors (as it is found in today's deuterostomes, chaetognaths, and a number of spiralian and ecdysozoan phyla). The origin of the cuttlefish funnel cartilage is unknown and might have involved parallel evolution or convergence. Deuterostome drawings modified from [18] , horseshoe crab and stem-chelicerate redrawn from [19] , and scorpion redrawn from [20] . Vnc: ventral nerve cord.
integration of molecular data with information from anatomy, development and phylogeny allows us to reconstruct with increasing precision how these similarities arose. Thanks to concerted progress in these fields, the hard problems of skeleton origins now lie in the realm of the solvable.
